Introduction
The primary, and most evident, complication in patients with inherited bleeding disorders such as hemophilia A, hemophilia B, and von Willebrand disease (VWD), is spontaneous and/or posttraumatic bleeding. Although patients with these disorders are relatively protected from thrombosis, both arterial and venous thromboses do occur on occasion, necessitating management decisions on anticoagulation. Furthermore, consideration may need to be given to prophylactic anticoagulation in situations in which it might normally be indicated, for example, in the presence of concomitant atrial fibrillation (AF).
In the absence of evidence-based management guidelines, we present our approach to anticoagulation in patients with inherited bleeding disorders for various indications, including arterial thrombotic events, venous thromboembolism (VTE), and AF, and review management strategies using illustrative clinical scenarios.
Case 1
A 68-year-old man with mild hemophilia A (baseline factor VIII [FVIII] activity of 8%) and no history of inhibitor presents with acute onset of chest pressure associated with shortness of breath. An electrocardiogram performed in the emergency department demonstrates ST segment elevation, and blood work returns with a troponin level elevated to 2.9 ng/mL. He needs to undergo urgent cardiac catheterization to reestablish coronary artery perfusion.
Case 2
A 69-year-old man with severe hemophilia A and high-titer inhibitor (historical peak of 3239 Bethesda units [BU]/mL, currently 128 BU/ mL), hypertension (HTN), and diabetes mellitus (DM) presents with black tarry stools for several days. Blood work demonstrates a hemoglobin level of 7.2 g/dL, representing a 6g/dL drop over the past 6 months, and troponin is elevated to 0.39 ng/mL, consistent with a non-ST-elevation myocardial infarction (NSTEMI). Positron emission tomography stress test demonstrates partially reversible large defects in the apical, septal, and anteroseptal segments. Angiogram demonstrates significant coronary artery disease (CAD), including 90% occlusion of the ostial left main coronary artery, 99% occlusion of the proximal main coronary artery, and 70% occlusion of the ostial right coronary artery.
Atherothrombosis in bleeding disorders
Improved treatment and management of patients with hemophilia has resulted not only in an increase in life expectancy approaching that of people without hemophilia, 1 but also in an increase in age-related comorbidities. One such comorbidity is cardiovascular disease (CVD). The lifetime prevalence of CVD has been estimated to be as high as 19.5% in persons with hemophilia, 2 and the prevalence of ischemic heart disease (IHD) is estimated to be 15% in those older than 60 years. 3 Published literature demonstrates that CVD and arterial occlusive events occur in VWD as well, albeit at a reduced prevalence compared with reference populations: the rate of arterial thrombotic events was found to be 3.3% in a cohort study of more than 600 adult VWD patients, significantly lower than 2 reference populations, 4 and the prevalence of CVD was found to be 15% in a cross-sectional study of more than 7500 patients with VWD, compared with 26% in non-VWD patients. 5 Although epidemiologic data clearly demonstrate that CVD occurs in inherited bleeding disorders, studies on the protective effect of hemophilia and VWD against the development of atherosclerosis have generated conflicting data. Studies using animal models have shown both protection 6 and lack of protection 7, 8 on the development of atherosclerosis. Earlier human studies using arterial intimal medial thickness (IMT) as a surrogate for atherosclerosis are similarly conflicting, with some suggesting a protective effect and others failing to demonstrate protection. 9 More recent studies using IMT in humans, however, have failed to demonstrate a protective effect: a systematic review found similar mean artery IMTs in patients with hemophilia and VWD compared with healthy controls and concluded that hemophilia or low VWF levels had little effect on the development of atherosclerosis, although the presence of atherosclerotic plaques was less prevalent in patients with hemophilia. 10 Another study found a similar degree of coronary calcium deposition and severe calcification in patients with hemophilia aged 59 years or older compared with matched controls without hemophilia. 11 Although hemophilia does not seem to protect against the development of atherosclerosis, several studies suggest that it may protect against mortality from IHD.
9,12-14 A large systematic review comprising more than 19 000 patients with hemophilia A, hemophilia B, and VWD or who were hemophilia carriers found that .90% of the studies reported a reduction in mortality from IHD in persons with hemophilia compared to the general population, and calculated a weighted standardized mortality ratio of 0.51 (95% confidence interval, 0.24-1.09). 10 The reduced mortality rate in hemophilia is postulated to be due to fewer occlusive thrombi on the surface of ruptured atherosclerotic plaques as a result of low levels of FVIII/FIX. 10, 15 The development of atherosclerosis in hemophilia and VWD can be attributed to the presence of traditional cardiovascular risk factors, which have been shown to occur at similar or higher rates in persons with hemophilia and the general population. 3, [16] [17] [18] [19] Furthermore, these risk factors have been associated with CVD in persons with hemophilia: a recent cross-sectional study of men with moderate to severe hemophilia found that smoking significantly increased the odds of a cardiovascular event, 20 and in a study of a large cohort of males with hemophilia who had been hospitalized at least once, IHD was significantly associated with DM, HTN, and hyperlipidemia compared with other cardiac diseases. 3 Similarly, VWD patients with CVD have significantly increased rates of HTN, hyperlipidemia, and DM than do VWD patients without CVD; however, the overall risk of CVD remains lower in VWD than in non-VWD patients after adjustment for age, sex, and cardiovascular risk factors. 5 
Case 3
A 32-year-old woman with type 3 VWD is admitted for esophagogastroduodenoscopy (EGD) with biopsies for evaluation of dysphagia. She has been treated in the past with FVIII-VWF plasma-derived concentrate for episodes of menorrhagia and epistaxis. She receives FVIII-VWF concentrate before the EGD, which is continued for 5 days postprocedure. Tissue biopsy samples taken during the EGD are benign, and she does not have bleeding complications postprocedure. Six days after the procedure, she develops left-leg swelling. Duplex ultrasound reveals an acute thrombus in the left popliteal vein.
Case 4
A 55-year-old man with severe hemophilia A and high-titer FVIII inhibitor (currently at a peak of 200 BU/mL) is hospitalized for a spontaneous left-knee hemarthrosis. He is treated with recombinant FVIIa, with minimal response, and, therefore, transitioned to FVIII inhibitor bypass activity treatment (ie, FEIBA) with resolution of bleeding. On the day of discharge, he complains of pain and swelling in the right upper thigh; venous duplex ultrasound demonstrates an acute deep vein thrombosis (DVT) in the femoral vein.
VTE in bleeding disorders
In addition to arterial thrombotic events, patients with inherited bleeding disorders occasionally develop VTE. Most venous events in this population occur in the presence of an additional risk factor for VTE, such as the postoperative setting or during clotting factor replacement. The largest case series in patients with hemophilia reports 27 cases (12 in hemophilia A and 15 in hemophilia B) of non-catheter-associated venous thrombosis, including 18 DVT or pulmonary emboli and 5 superficial thromboses (with the remaining DVTs occurring in unusual venous locations). 21 In only 3 cases could a risk factor for VTE not be identified, and 19 of 27 events occurred while the patient was receiving factor or bypassing agents. Only a handful of cases of spontaneous VTE in (untreated) hemophilia have been reported in the literature. 22, 23 Spontaneous VTE is also rare in patients with VWD: in a recently published review of 486 VWD patients at a single institution, for instance, there were no cases of venous thrombosis. 24 A literature review within the same publication reported 33 cases of VWD and venous thrombosis, with all but 7 cases having identifiable risk factors; the most common risk factor (N 5 14) was factor replacement therapy consisting of VWF with FVIII. The association between VTE and factor replacement is thought to be a consequence of high FVIII levels achieved during infusion. Although factor replacement serves to restore levels necessary for hemostasis, replacement to levels above normal may instead create an acquired thrombophilic state. Indeed, high FVIII levels are a well-established risk factor for VTE, with a relative risk of thrombosis of 4.8 with FVIII levels of .150 IU/dL compared to FVIII levels ,100 IU/dL. [25] [26] [27] Patients with hemophilia may be at increased risk of VTE when undergoing hip and knee arthroplasty, in which both surgery and perioperative factor replacement contribute to the thrombotic risk. Small sample size numbers limit the estimation of the incidence of postoperative VTE, and reported estimates vary widely. One prospective single-institution study of 29 orthopedic surgeries found that asymptomatic distal DVT occurred in 10% of patients with hemophilia undergoing orthopedic surgery. 28 However, several studies have found no cases of VTE in patients with hemophilia undergoing surgery in the absence of prothrombin-complex concentrates. 29, 30 An aggregate analysis of published cases in the literature estimates the symptomatic VTE rate in hemophilia patients undergoing hip or knee arthroplasty (usually in the absence of pharmacologic thromboprophylaxis) to be 0.5%, much lower than the estimated cumulative rate of 4.3% in the general population. 31 The relative "protection" against VTE in hemophilia A may be a result of the relative concentration of FVIII in plasma: as an acute phase reactant, FVIII is typically significantly elevated postoperatively in the nonhemophilia population; however, patients with hemophilia A have FVIII levels carefully monitored and controlled, thereby avoiding excessively high levels for prolonged periods.
Case 5
A 71-year-old man with mild hemophilia A (baseline factor level, 17%) and AF is started on warfarin by his internist for stroke prevention, given his CHA 2 DS 2 -VASc (congestive heart failure, HTN, age $75 years [doubled], diabetes, stroke/transient cerebral ischemia/thromboembolism [doubled], vascular disease [previous myocardial infarction, peripheral artery disease, or aortic plaque], age 65-74 years, sex category [female]) score of 2. He remains on warfarin for several years without stroke complications or major bleeding; however, he has developed chronic arthropathy, thought to be hemophilia related, in both elbows since starting warfarin and recently experienced a right ankle bleed.
AF in bleeding disorders
A cross-sectional survey from 14 European hemophilia centers found an overall prevalence of AF in patients with hemophilia of 0.84%, 32 BLOOD, 14 JULY 2016 x VOLUME 128, NUMBER 2 ANTICOAGULATION IN BLEEDING DISORDERSwhich is comparable to that found in the general population. 33 Just as in the general population, the prevalence of AF in persons with hemophilia rises with increasing age, with a prevalence of 3.4% in subjects .60 years old compared to 0.2% in patients #60 years old. 32 In usual medical practice, treatment decisions regarding anticoagulation in AF are determined by weighing an individual's stroke risk as calculated by the CHA 2 DS 2 -VASc score against an estimated bleeding risk occurring as a consequence of anticoagulation therapy. However, validated bleeding scores for hemophilia patients with AF do not exist; although the HAS-BLED score estimates risk of bleeding with anticoagulation for AF in the general population, concerns exist that the score underestimates the bleeding risk in hemophilia. In the absence of validated bleeding scores in persons with hemophilia, algorithms for medical treatment of stroke prevention have been proposed, with initial management decisions based on baseline clotting factor levels to approximate risk of bleeding ( Figure 1 ). 34, 35 Considerations when using antithrombotic therapy in patients with inherited bleeding disorders When considering anticoagulant or anti-platelet therapy in patients with inherited bleeding disorders, we first evaluate the following 4 principles: bleeding phenotype of the patient, characteristics of the anticoagulant, intensity of anticoagulant therapy, and duration of planned therapy. Here, we use cases of VWD and hemophilia as illustrative examples of primary and secondary bleeding disorders, respectively; these are also the most common inherited bleeding disorders that carry a definitive diagnosis in clinical practice. As such, experience in using anticoagulants is most extensive in these 2 disorders, and we believe that the principles (if not the specifics) behind our approach to decision making is generalizable to the broader scope of inherited bleeding disorders.
1. Bleeding phenotype. The primary consideration in our decision whether to initiate anticoagulation is the bleeding phenotype. Consideration of how frequently and how severely the patient bleeds and whether bleeding is spontaneous or occurs only when provoked (eg, by trauma) is important. In addition, for less severely affected patients in particular, the ease of achieving hemostasis in response to past hemostatic challenges (such as dental procedures and surgeries) is also critical. Hemophilia patients without an inhibitor typically have a predictable response to clotting factor replacement, and bleeding can be reliably prevented or treated. Patients with inhibitors, however, have a much less predictable hemostatic response to bypassing agents; studies have found that ;10% to 20% of bleeding with inhibitors is either unresponsive or only partially responsive to bypassing agents. [36] [37] [38] The risk of uncontrolled bleeding, therefore, almost always outweighs the benefit to anticoagulation in patients with inhibitors.
2. Characteristics of anticoagulant/antiplatelet agent. Consideration should be given to the bleeding risk associated with the anticoagulant, as well as its reversibility and half-life, when choosing a product for a patient with a bleeding disorder. We prefer anticoagulants that are more easily reversed and have shorter half-lives in patients with bleeding disorders; thus, we prefer parenteral unfractionated heparin (UFH) or low-molecular-weight heparin over parenteral drugs with longer half-lives, such as fondaparinux. If oral therapy is chosen, we prefer to use vitamin K antagonists or dabigatran, because these agents currently have available antidotes. We do not typically use direct FXa inhibitors, because specific reversal agents for these agents are not yet approved for use, although this situation is likely to change in the near future.
Broadly, we follow an approach to anticoagulation as illustrated in Figure 2 . 39 In hemophilia and VWD, we feel comfortable using anticoagulants under factor protection when trough FVIII/FIX and VWF activity levels are maintained at .30%, although decisions for individual patients are made on a case-by-case basis. We avoid singleagent antiplatelet therapy in severe hemophilia (factor levels ,1%), when the risk of spontaneous bleeding is potentially quite high in the absence of ongoing prophylactic clotting factor therapy. Low-dose aspirin is usually well tolerated in patients with factor levels .5%, whereas its use for patients with factor levels between 1% and 5%, or for those on continuous prophylaxis, must be made on an individual basis with consideration given to the aforementioned principles, including bleeding phenotype and planned duration of therapy. Because dual antiplatelet therapy has a bleeding risk comparable to warfarin, 40 we do not typically use dual antiplatelet therapy without prophylactic factor replacement, especially in patients with more-severe variants of VWD. Although published approaches have recommended maintenance of a trough factor level at .30% in hemophilia (Table 1) , 1, 34, [41] [42] [43] we have found that patients tolerate dual antiplatelet therapy with somewhat lower troughs, and by doing so, we avoid the frequent higher peak levels of FVIII that are necessary to achieve troughs of this magnitude, thereby improving patient compliance and reducing the thrombotic risk. Further, data from The Netherlands have shown that spontaneous (although not traumatic or anticoagulant-induced) bleeding is eradicated in mild to moderate hemophilia when the factor level is .15%
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; therefore, we extrapolate that the risk of spontaneous bleeding is minimal at 10% to 15% trough levels.
3. Intensity of anticoagulant therapy. A third consideration is the required intensity of anticoagulant therapy, which can be broadly categorized as high intensity (eg, UFH regimens used for acute coronary syndromes and loading bolus doses used during initiation of VTE treatment), standard intensity (eg, doses used in the treatment of VTE), or low intensity (eg, prophylactic-dose anticoagulation for VTE and single-agent antiplatelet therapy). The bleeding risk associated with each level of intensity roughly parallels the intensity of antithrombotic therapy, with the risk increased in high-intensity regimens compared with low-intensity regimens. Our approach is to use high-intensity anticoagulation for the minimal duration and under replacement clotting factor protection. Further, we consider lowering the intensity of anticoagulation in patients with a history of significant or frequent bleeding, for example, by eliminating the UFH bolus in initiation of anticoagulation for VTE.
4. Duration of antithrombotic therapy. The planned duration of therapy must be considered when using anticoagulants. Duration can range from very short (eg, during a procedure such as percutaneous coronary intervention) to a prolonged or even indefinite duration for a chronic condition (eg, chronic antiplatelet therapy for CAD or anticoagulation for a prosthetic cardiac valve). It is easier to replace missing clotting factor to levels that minimize bleeding risk with anticoagulation over a period of days than it is to replace it long-term, when the logistics and expense of factor replacement might lead to reduced adherence in the setting of ongoing anticoagulation, thereby outweighing any benefit of anticoagulation. Therefore, for patients with inherited bleeding disorders who require factor protection in order to receive anticoagulation (as discussed in the previous paragraph), we typically treat for the shortest reasonable duration; for example, we use standard doses of anticoagulation but may only treat for 6 to 8 weeks for a provoked VTE rather than the standard recommendation of 12 weeks.
Discussion Cases 1 and 2: management of CAD
In case 1, a patient with mild hemophilia A and no history of inhibitor presented with an ST-elevation myocardial infarction (STEMI) and underwent angiography for revascularization. Although there are no evidence-based guidelines for the treatment of CVD in patients with bleeding disorders, several authors have published suggested treatment algorithms for patients with hemophilia that include recommendations for factor coverage during anticoagulant and antiplatelet therapy (Table 1) . Although the literature is even less robust for treatment in VWD, there have been published reports of patients with VWD who have been successfully treated with antiplatelet and anticoagulant therapy. 4 Our approach for patients with hemophilia undergoing coronary angiography is to infuse factor with a goal peak FVIII level of .80% before initiation of anticoagulant/antiplatelet agents and before starting the procedure. Anticoagulation with UFH or bivalirudin can then be initiated and used for the duration of the revascularization procedure. We feel comfortable with usual doses of anticoagulation, unless inhibitors are present (as in case 2, below). We prefer the radial approach to angiography, because direct pressure is more easily applied and signs/symptoms of bleeding are more easily monitored compared with the femoral approach. When stenting is necessary, we prefer bare metal stents (BMSs) over drug-eluting stents in most patients with bleeding disorders, because the minimum time for required dual antiplatelet therapy is shorter for BMSs (1 month) compared with drug-eluting stents (1 year). After catheterization is completed, care is taken to maintain pressure on the arterial puncture site until hemostasis has been secured. Continuous factor is maintained postprocedure to target levels of .80% for 48 hours and until signs of hemostasis (ie, lack of bleeding at the insertion site, hemoglobin stability, and blood transfusion requirements similar to the nonhemophilic patient) 45 are maintained; we check factor activity levels at 8 hours after starting the continuous infusion and then every 24 hours to ensure that target levels are met. If continuous factor infusion is not accessible, bolus infusion should continue postprocedure with a goal peak level of .80% and a trough level of .30% for 48 hours. Our approach to the factor coverage of VWD patients undergoing angiogram is similar to that of hemophilia patients, because FVIII levels have been shown to be predictive of bleeding associated with surgical procedures in patients with VWD. 46 We aim to keep peak FVIII levels .80% and trough FVIII level .30%, as well as VWF activity levels .50% before the procedure, for 48 hours postprocedure, and until hemostasis is achieved (consistent with existing recommendations for high-risk procedures). 47, 48 Dual antiplatelet therapy is continued for 4 to 6 weeks in the setting of BMS replacement, and we replace FVIII to a goal trough of 10% to 15% for the duration of dual antiplatelet therapy. We continue secondary prophylaxis with aspirin (81 mg daily) indefinitely, as long as it is tolerated without bleeding. Given this patient's baseline factor activity of .5%, we would not replace factor for single-agent antiplatelet therapy; however, in patients with factor levels between 1% and 5%, we would consider the benefit of adding continuous factor prophylaxis on an individual basis. This patient was also prescribed proton-pump inhibitor therapy while on antiplatelet therapy.
Case 2 presents a much more complicated situation, given the presence of an inhibitor in the setting of concurrent gastrointestinal bleeding and an NSTEMI with multivessel disease. In this situation, we would not give factor replacement before the procedure, because the NSTEMI occurred with the use of bypassing agents. Cardiac catheterization was performed via a radial approach, using a moderated dose of heparin (about 75% of usual bolus doses of 60 to 70 U/kg, followed by a maintenance dose of 12 U/kg per hour), given his recent bleeding and the inhibitor. Although a patient with this severity of CAD would ordinarily be considered for coronary artery bypass grafting, he elected to undergo percutaneous intervention after discussion of the risks/benefits of both approaches. Two BMSs were placed, and heparin was reversed immediately after completion of the procedure. He started daily aspirin (81 mg), along with a beta-blocker and a statin. We advised avoidance of a second antiplatelet agent that would otherwise be considered standard therapy, because we believe the high risk of bleeding and the unpredictability of achieving hemostasis in the setting of inhibitor outweigh the 2% improvement in outcome with dual antiplatelet therapy compared with single antiplatelet therapy (0.5% vs 3.5%). 49 The patient continued on daily aspirin for 6 weeks, after which the dose was reduced to every other day indefinitely. He was not administered prophylactic factor replacement and had no evidence of thrombosis or bleeding complications after 7 months.
Cases 3 and 4: management of VTE
As with the management of arterial thrombosis, there are no guidelines for the treatment of VTE in hemophilia and VWD. Published approaches to VTE management in hemophilia and VWD vary widely, 28, [50] [51] [52] and the data are insufficient to compare the outcomes (risks and benefits) of these strategies. In case 3, the patient has a moderate bleeding phenotype, requiring occasional clotting factor replacement for bleeding. She now has a proximal DVT, which carries a significant risk of pulmonary embolism, the risk of which is thought to outweigh the risk of bleeding in the short-term.
Our approach is to initiate anticoagulation with a therapeutic dose of UFH without a loading bolus, and if no bleeding occurs within the first 24 to 48 hours, we initiate warfarin with a goal international normalized ratio range of 2.0 to 3.0. We aim for at least 1 month of therapy, after which the risk of recurrent thrombosis drops dramatically. 53 We use short-term factor prophylaxis while anticoagulating with VWFcontaining concentrate 3 times per week, aiming for a trough activity level of 30% for both VWF and FVIII. Although the benefit of anticoagulation outweighs the bleeding risk in the acute setting, the relative benefit of anticoagulation in a patient with an increased risk of bleeding will decrease over time such that the risk of bleeding with standard duration of therapy (3 months for provoked VTE) is greater than the benefit of anticoagulation therapy. If this patient's bleeding phenotype had been less pronounced, however, she may have been able to better tolerate anticoagulation for the recommended standard duration.
Case 4 illustrates alternative strategies for the management of VTE in patients who are at high risk of spontaneous bleeding. This patient has severe hemophilia, recent bleeding, and the presence of an inhibitor. Furthermore, the proximal DVT developed in the setting of use of bypassing agents, so he would not be a candidate for further bypassing agents in the acute setting. Therefore, we would not use anticoagulation and, instead, would recommend a temporary inferior vena cava filter, with plans to remove it after 3 months. The patient in case 5 developed arthropathy from presumed intraarticular bleeding only after the initiation of anticoagulation. This pattern of bleeding would be considered unusual in a mild hemophilia patient with a baseline FVIII level of 17%. We therefore assume that his bleeding phenotype has been exacerbated by warfarin therapy. In our practice, we would typically treat this patient (with a factor activity level between 5% and 30%) with aspirin rather than warfarin. Although one could cautiously consider warfarin on an individual basis, taking into consideration bleeding phenotype, he now has bleeding complications while on warfarin, shifting the balance of the risk/benefit ratio away from full-intensity anticoagulation, particularly given the low CHA 2 DS 2 -VASc score of 2. Therefore, we would favor switching to aspirin.
In some instances, rhythm-control strategies such as cardioversion or ablation may be chosen for management of symptomatic AF. We approach management of these cases as in other procedures, with factor replaced by bolus to a goal peak activity of .80% at least 30 minutes before procedure, followed by continuous infusion to maintain a factor activity level of .80% for 48 hours and until hemostasis is secured. Rhythm control does not always obviate the need for therapeutic anticoagulation, however, particularly in patients at high risk for thromboembolism, and we concurrently replace factor to a goal activity level of 30% for the duration of therapeutic anticoagulation. Left atrial appendage occlusion may be an option for patients at high risk of bleeding and thromboembolism, because periprocedural anticoagulation is reduced to ;45 days, but this should be done at an experienced facility to reduce procedural complications. 41 
